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The Cl− channels of brown adipocytes electrophysiologically resemble outwardly rectifying Cl− channels (ORCC). To study tentative Ca2+
regulation of these channels, we attempted to control Ca2+ levels at the cytoplasmic side of the inside-out membrane patches with Ca2+-chelating
agents. However, we found that the commonly used Ca2+-chelators EGTA and BAPTA by themselves influenced the Cl− channel currents,
unrelated to their calcium chelating effects. Consequently, in this report we delineate effects of Ca2+-chelators (acting from the cytoplasmic side)
on the single Cl− channel currents in patch-clamp experiments. Using fixed (1–2 mM) concentrations of chelators, two types of Cl− channels were
identified, as discriminated by their reaction to the Ca2+-chelators and by their conductance: true-blockage channels (31 pS) and quasi-blockage
channels (52 pS). In true-blockage channels, EGTA and BAPTA inhibited channel activity in a classical flickery type manner. In quasi-blockage
channels, chelators significantly shortened the duration of individual openings, as in a flickering block, but the overall channel activity tended to
increase. This dual effect of mean open time decrease accompanied by a tendency of open probability to increase we termed a quasi-blockage.
Despite the complications due to the chelators as such, we could detect a moderate inhibitory effect of Ca2+. The anionic classical Cl− channel
blockers DIDS and SITS could mimic the true/quasi blockage of EGTA and BAPTA. It was concluded that at least in this experimental system,
standard techniques for Ca2+ level control in themselves could fundamentally affect the behaviour of Cl− channels.
© 2007 Elsevier B.V. All rights reserved.Keywords: Chloride channel; Calcium; Calcium chelator; EGTA; BAPTA; Single channel kinetics; DIDS; SITS1. Introduction
TheCl− channels described at the single channel level in brown
adipocytes [1] have an intermediate conductance (about 30–
50 pS), are outwardly rectifying in fully symmetrical solutions and
display complex kinetics. These properties are similar to those of
the Cl− channels observed in different epithelial cells especially in
association with cystic fibrosis (CF). These channels are
frequently referred to as outwardly rectifying Cl− channels
(ORCC) [2–6]. Cl− channels with analogous electrophysiological
characteristics have also been described in many types of non-
epithelial cells, for instance skeletal [7,8] and cardiac [9,10]
myocytes, cortical [11] and hippocampal [12] neurons, type 1 [13]
and type 2 [14] astrocytes, lymphocytes [15,16], fibroblasts [17],
platelets [18], and hematopoietic leukaemia cells [19,20]. A⁎ Corresponding author. Tel.: +46 8 164128; fax: +46 8 156756.
E-mail address: jan@metabol.su.se (J. Nedergaard).
0005-2736/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2007.07.003universal mechanism for the regulation of the activity of this
heterogeneous group of Cl− channels does not seem to exist.
In order to examine the regulation of the activity of the Cl−
channels in brown adipocytes, we attempted, based on earlier
observations [21,22], to investigate their sensitivity to intracel-
lular Ca2+. The Ca2+ concentrations in our experiments were set
with the commonly used Ca2+-chelators (EGTA or BAPTA).
However, we found that the chelators themselves were able to
influence the Cl− channel currents, with no relation to their Ca2+
chelating function. These effects were very consistent and easily
identifiable visually, but their quantitative description was
technically difficult. We decided to focus our description on the
effect of fixed (1–2 mM) concentrations of chelators, as
commonly used in experimental settings as Ca2+ buffers.
Our observations may be important for the understanding of
the regulation of Cl− channels in general, since many research
groups have routinely used Ca2+ chelators when characterizing
similar Cl− channels (see e.g. [7–9,11,12,15,17,19,20,23–33]).
It is thus possible that in some of the published reports on Ca2+
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by the chelator effects analysed here, i.e. chelator effects that are
independent of Ca2+ chelation.
2. Materials and methods
2.1. Cell culture
The method for cell culture was essentially as described earlier [1,34]. The
interscapular brown adipose tissue was dissected from 3-week-old mice (NMRI
outbred strain), minced and treated with collagenase (0.5–1.5 mg/ml) in a
HEPES buffer. After centrifugation, precursor brown adipocytes were seeded on
12 mm circular glass cover slips (KEBO) in 6-well plates (2–3 cover slips per
well). The culture medium was Dulbecco's modified Eagle's Medium with the
following additions: 10% newborn calf serum, 4 nM insulin, 126 μM Na-
ascorbate, 4 mM glutamine, 50 IU/ml penicillin and 50 μg/ml streptomycin.
Medium was changed on day 1 and thereafter every second day. Cells were used
for experiments after 5–15 days in culture. All registrations were performed with
patches from differentiated cells that contained fat droplets.
2.2. Solutions and chemicals
For the patch-clamp experiments, the cells on the cover slips were placed in a
standard bath solution containing (in mM): 130 NaCl, 5 KCl, 1.2 CaCl2, 1.2
MgCl2, 5 glucose, 10 TES; pH 7.4 was adjusted with NaOH. The pipette
(“extracellular”) solution contained: 130N-methyl-D-glucamine-chloride (NMDG-
Cl), 5 NaCl, 2 KCl, 1.2 CaCl2, 1.2MgCl2, 10 TES; adjusted to pH 7.4 with NaOH.
In some experiments, the bath solution (with no glucose) was used also as the
pipette solution. The test (“intracellular”) solutions applied to the cytoplasmic
surface of the inside-out patches were based on K-Ringer: 135 KCl, 5 NaCl,
10 TES; pH 7.2 adjusted with KOH. Due to the presence of contaminating Ca2+, a
nominally Ca2+-free K-Ringer was considered to be a low Ca2+ test solution
(micromolar Ca2+ levels). For the other solutions, the amount of CaCl2 necessary to
provide a given concentration of free Ca2+ was calculated with the BAD4 software
[35]. The other test solutions used were: 1 mM Ca2+ solution: K-Ringer in which
the free Ca2+ concentration was 1 mM (nominal concentration 1.11 mM); Ca2+-
free solution: K-Ringer solution in which the contaminating Ca2+ was eliminated
by means of chelator (1–2 mM EGTA and/or BAPTA); 1 mM Ca2+/chelator:
solutionswith 1 or 2mMof a chelator and 1mM free Ca2+ (corresponding nominal
concentrations were 2.11 mM or 3.11 mM Ca2+).
Unless otherwise indicated, all chemicals were purchased from Sigma. NaCl
and KCl were from Merck, MgCl2 was from Riedel-de Haën and CaCl2 was
from Johnson and Matthey. DIDS and SITS solutions were made from the K-
Ringer containing 1 mM free Ca2+ (no chelator). EGTA, BAPTA, SITS and
DIDS were dissolved directly in the testing solutions shortly before use, and the
pH of the solutions was checked and restored.
2.3. Single-channel patch-clamp recording
Single channel Cl− currents in plasma membranes of mouse brown
adipocytes in primary culture were measured in the inside-out configuration
with the use of an EPC-7 patch-clamp amplifier. Patch pipettes were
manufactured with a pipette-puller (Mechanex, Geneva, Switzerland) from
borosilicate glass-capillaries of the type GC150-10 (Clark Electromedical
Instruments, Reading, UK). The pipette resistances varied between 10 and
30 MΩ. For the application of test solutions, we used an 8-channel pinch-valve
perfusion system (ALA Scientific Instruments Inc., NY). 1-min perfusions of the
test solutions were routinely performed. The channel response to the different
experimental conditions were normally immediate, continued throughout the
test minute and were usually reversible.
Given the NMDG-Cl pipette solution, any channel that could be recorded at
negative membrane voltage (usually Vh=+40 mV) was considered to be
permeable for Cl−. All experiments were performed at room temperature (19–
23 °C). A liquid junction potential of about −5 mV (following the Barry
convention) was measured for the NMDG-Cl pipette solution versus the NaCl-
based bath solution. Appropriate corrections were made in data presentation.The current signal was filtered at 10 kHz by the amplifier. After digitisation by a
pulse code modulator (Sony PSM-601), the signal was recorded to a video tape
for storage (VHS video tape recorder). In parallel, the signal was electronically
filtered at a −3 dB frequency of 1.5 kHz by an 8-pole Bessel-type filter
(Frequency Devices, Haverhill, MA, USA) and transferred to a PC computer by
a 12-bit AD interface (Labmaster TL-1 DMA, Axon Instruments, Foster City,
CA, USA) with a sampling rate of 10 kHz (FETCHEX software, pCLAMP
6.0.4, Axon Instruments, CA, USA). Current traces shown were digitally filtered
(Gaussian digital filter algorithm) at 500 Hz.
2.4. Data analysis
Single channel currents were analysed using pCLAMP6 software (Axon
Instruments, CA, USA).
For the current amplitude analysis (all-point histogram mode), records were
digitally filtered at 1 kHz. To describe the current amplitude distribution, the
Levenberg–Marquardt least-squares method for Gaussian curve fitting was
used. In our data, the histogram peaks that corresponded to closed channel
amplitude level were fitted with simple one-term Gaussian, whereas open
channel level could be adequately fitted with second-order Gaussian. Naturally,
an increase in the number of terms in the fitting function usually led to a
seemingly better fit. To test whether or not a higher order function produced a
statistically better fit, we used least squares minimization criteria provided by the
F-value which compares the sum of squared errors of the different models
(program incorporated in PSTAT). The F statistic was considered significant
estimated at an α level of 95%.
For the dwell-time analysis (events list mode), recordings were digitally
filtered at 500 Hz. For the detection of open–close transitions, a 25% threshold
sampling was used and durations shorter than 2 ms were ignored.
All-point histograms and event-list files for each test perfusion were created
in FETCHAN 6.0.4. When more than one channel was active in the patch, only
episodes with first level of activation were included in the event-list files.
Gaussian curve fitting and amplitude histogram analysis, as well as the
calculation of kinetic parameters (open probability, frequency and mean open
time), were performed with PSTAT 6.0.4.
For statistical analysis, the mean value of the relevant parameter was
calculated for each patch and used in Student's two-sided t-tests. Resulting
differences were expressed as ⁎(Pb0.05), ⁎⁎(Pb0.01), or ⁎⁎⁎(Pb0.001).
3. Results
In cell-attached mode, Cl− channel activity was never
observed in these experiments. However, after patch excision,
single-channel Cl− currents could be recorded in the inside-out
configuration. If no channel current was seen immediately after
patch excision, the patch was depolarised to +50–70 mV for
several minutes. The probability of eventually obtaining Cl−
channel activity in a given patchwas 4–5%. It was not uncommon
that channels became inactivated during the experiment, but then
channel activity could be recovered by another depolarisation.
To examine the sensitivity of Cl− channels to intracellular
Ca2+, we first compared channel activity in a K-Ringer saline
with 1 mM Ca2+ with that in a Ca2+-free K-Ringer solution in
which contaminating Ca2+ was eliminated by means of a
chelator: EGTA or BAPTA (1–2 mM). These latter test
solutions will be referred to below as Ca2+-free/EGTA solution
or Ca2+-free/BAPTA solution. Since initial experiments indi-
cated that the chelators could affect the channels by themselves,
in following we used EGTA- or BAPTA-containing K-Ringer
with 1 mM free Ca2+ (1 mM Ca2+/EGTA or 1 mM Ca2+/BAPTA
solutions), to control for possible chelator effects unrelated to
Ca2+ chelation. Most studies were conducted with a membrane
potential of −45 mV (+40 mV holding potential, corrected off-
Fig. 1. Typical activity pattern of quasi-blockage (QB) Cl− channels. (A, C and E) single-channel currents through a Cl− channel from a cultured brown adipocyte
during exposure to test K-Ringer with 1 mM Ca2+ (A), 2 mM EGTA and no added Ca2+ (C), and 2 mM EGTAwith 1 mM free Ca2+ (E). Upper trace in each pair of
current recordings represents 50 s of channel activity (membrane potential −45 mV); lower trace is an expansion of 0.5 s of data from the upper trace. In this and all the
other figures, downward deflections indicate channel openings. (B, D and F) all-point amplitude histograms with Gaussian fit curves (dotted lines) for the aligned
upper fragments. The number of sample points in each bin is plotted against the current range for each bin. Bin width 0.078 pA. The peak of the closed-channel current
level is centred at zero. The values corresponding to the Gaussians fit curves are for panel B: the closed-channel current (0 pA) constitutes 79% of the area and has a
standard deviation of 0.14 pA, for the −0.79 pA current the values are 16% and 0.37 pA, and for the −1.59 pA they are 5% and 0.23 pA. In panel D, the respective
values were: 0 pA current (49% and 0.14 pA), −0.97 pA current (8% and 52 pA) and −1.66 pA current (43% and 0.19 pA). In panel F, the values were: 0 pA current
(48% and 0.17 pA), −0.40 pA current (32% and 0.42 pA) and −1.24 pA current (20% and 0.26 pA).
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of the chelators could also be observed with a membrane
potential of +40 mV (not shown).
We found that a given channel could reveal one of two
different types of reactions to the chelators. We define these
types as quasi-blockage (QB) and true-blockage (TB), and
below these two types are analysed separately.
3.1. Effects of Ca2+ and Ca2+ chelators on quasi-blockage
(QB) Cl− channels
Quasi-blockage reactions to the Ca2+-free/chelator and 1 mM
Ca2+/chelator test solutions were exhibited by a majority of the
channels examined (21 out of 26; 81%). Fig. 1 demonstrates thebehaviour of a typical quasi-blockage Cl− channel. In the left
panel, the original channel current traces during the perfusion of
different test solutions are displayed. In the right panel, the
corresponding all-point amplitude histograms, in which the
number of sample points in each bin was plotted against the
current range, are aligned. The histograms were statistically best
fitted by 3 Gaussian terms (dotted line curves). The peak of the
histogram that is centered around the zero current level
corresponds to the closed state of the channel. The two other
Gaussians correspond to the full-open state and to an apparent
intermediate sub-conductance component. In Fig. 2 we have
combined data for a series of such experiments, and here we only
discuss observations in Fig. 1 that were consistently obtained,
according to the compilation in Fig. 2.
Fig. 2. Overall quantitative characteristics of QB Cl− channel currents. Bar plots
depict (A) current amplitude, (B) full-open/non-closed ratio, (C) mean open
probability, (D) mean duration of channel openings and (E) frequency of
openings during 1 min test perfusion of 1 mM Ca2+, Ca2+-free/chelator and
1 mM Ca2+/chelator (1–2 mM EGTA or BAPTA). Average values for given
parameters in different test solution are plotted with standard errors. The stars
indicate statistical differences from 1 mMCa2+. The number of analyzed patches
(left-to-right): 17, 16, 8. “⁎”—is significant only when paired t-test is used.
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guishable in the three different media, but the difference between
them could not be described simply in terms of overall activation
or inhibition. At least three characteristics were influenced: the
stability of the channel-current amplitude, the duration of the
individual openings, and channel open probability (Po).
In the 1 mM Ca2+ test medium (Fig. 1A, B), the channel
activity was characterized by fluctuating amplitude and frequent
sub-conductance states. Intermediate amplitude levels are easily
visible in the lower trace in Fig. 1A. In the amplitude histogram,
the area of the peak corresponding to the “intermediate-
openings” prevails over the area of the full-open peak (Fig. 1B).
When the inside-out patch was exposed to the Ca2+-free/
EGTA test saline, the intermediate conductance levels were
nearly eliminated and the channel went to full openings
(Fig. 1C, D). In addition, the channel openings became visually
shorter compared with those in 1 mM Ca2+. The Po was
increased, here from 0.21 to 0.51, but the increase was not
always so large (see Fig. 2C). (Po was obtained from the
amplitude histograms as the proportion of time that the channel
spent in full plus sub-level open states with respect to the total
time of perfusion). Thus, despite the shortening of the channel
openings (that can be regarded as a flickery block) the overall
channel activity tended to be enhanced.
The effect of Ca2+-free/EGTAwas expected to be due to the
absence of Ca2+. However, unexpectedly, rather similar effects
were seen in 1 mM Ca2+/EGTA test solution: the channel
activity still had clearly flickering character in the presence of
1 mM free Ca2+ (Fig. 1E), thus indicating that this effect was not
due to the absence of Ca2+ but rather to the presence of the
chelator. Although there appeared to be a tendency to decreased
amplitude in this particular patch, this was not generally seen
(Fig. 2A). As in Ca2+-free/EGTA, the recording did not look
like a true blockage, because the overall tendency of the channel
to be open was not lower than in the 1 mM Ca2+ (Po=0.48 in
Fig. 1). Such a phenomenon of a shortening of open-state
intervals without a corresponding decrease in Po we named a
“quasi-blockage”. Given that quasi-blockage occurred both in
Ca2+-free/EGTA and in 1 mM Ca2+/EGTA, we suggest that the
chelator was responsible for this in both conditions and that the
effect was not linked to the chelation of Ca2+. However, there
were also indications that Ca2+ by itself could influence channel
activity. With 1 mM free Ca2+ present, the quasi-blockage
channel less often went to full-size opening (Fig. 1A, B and E,
F) than without free Ca2+ (Fig. 1C, D). We suppose that the
fluctuating channel current amplitude in the presence of Ca2+
can be explained by a fast blockage action of Ca2+, making the
apparent channel states too brief to be fully resolved.
Thus, in the Ca2+-free/EGTA (Fig. 1C), the effect of the
chelator was overlapped by the effect of the absence of Ca2+. Our
interpretation predicts longer and stable full openings of the
channel if both Ca2+ and Ca2+-chelator will be excluded from the
solution, but experimental proof is technically unattainable, due
to the problem of contaminating Ca2+ (see below). In the control
conditions of 1 mM Ca2+, the measurement of the current
amplitude (hence the channel conductance) was problematic. The
predominant current amplitude values, as measured by Gaussian
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true full-size channel current amplitude, and a conventional mean
value of the intermediate sub-conductance currents. Based on the
current amplitude distributions, a “ratio” parameter (F/N) was
derived as the fractional contribution of the Full-open component
to the area under the full-open plus intermediate-open peaks
(“Non-closed” area). For the channel represented in Fig. 1, this
ratio in 1 mM Ca2+, Ca2+-free/EGTA and 1 mM Ca2+/EGTA
were 24%, 83% and 43%, respectively.
Another Ca2+ chelator, BAPTA – that we used in our
experiments as an alternative to EGTA – had remarkably
identical effects on channel activity. In view of their principal
similarity, the effects of these two most widely used Ca2+
chelators were pooled and compiled in Fig. 2. This figure
represents the total population of QB channels (n=17) analyzed
for their reaction either to EGTA or to BAPTA.Measurements of
amplitude, full-open/non-closed ratio (F/N ratio) and Po values
(Fig. 2A–C) were based on the amplitude analysis, i.e. they were
taken from the amplitude histograms, whereas the kinetic
parameters of mean open time and frequency (Fig. 2D, E) were
obtained with the use of Events List type of channel dwell-time
analysis (FETCHAN 6.0.4.). A low-pass cut-off filteringFig. 3. Effects of nominally Ca-lacking (Low Ca2+) test solution on the QB Cl− cha
channel current in different test solutions. BAPTA concentration was 1 mM. (B) overa
Ca2+ test perfusions (n=14).frequency of 500 Hz and a 25% transition detection threshold
were selected. In the subsequent dwell-time analysis, durations
shorter than 2 ms were ignored. The limitations of this approach
may explain certain visual disagreements between original
traces and compiled values.
As is evident from Fig. 2A, in our experiments the amplitude
of the full openings did not change significantly under the
different conditions (although in some particular examples, like
for 1 mM Ca2+/chelator in Fig. 1, differences were seen).
In order to quantify the tendency of the channel to reach the
full-size current amplitude weighed against the intermediate
sub-levels we use the full-open/non-closed (F/N) parameter. In
Ca2+-free/chelator medium, the mean F/N ratio (Fig. 2B) was
significantly higher (57%) than in both 1 mM Ca2+ (45%) and
in the 1 mM Ca2+/chelator (43%). This indicates that tendency
toward conductance sublevels in 1 mM Ca2+ is primarily
promoted by Ca2+.
In Ca2+-free/chelator (and occasionally also in 1 mM Ca2+/
chelator (see Fig. 1, for instance)) the channel open probability
tended to increase, compared to that in 1 mM Ca2+ (Fig. 2C). At
the same time, the mean open time parameter in Ca2+-free/
chelator and in 1 mM Ca2+/chelator (compared to 1 mM Ca2+)nnel activity. (A) 5 s fragments (each expanded in 8 traces) of the same QB Cl−
ll quantitative characteristics of the QB Cl− channels during 1 mM Ca2+ and Low
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These anti-parallel changes in Po and mean open time parameters
mean that we cannot regard this reaction of the channel as a mere
activation, nor as a flickery-type blockage.
In the chelator-containing solutions, the frequency parameter
was significantly increased, from 28 Hz in 1 mM Ca2+, to 56 HzFig. 4. Activity of a true-blockage Cl− channel under different test conditions. (A) cur
indicated test solutions. BAPTA concentration was 2 mM. (B) left—all-point amplitu
in panel A; right—expanded histogram peaks. The number of sample points in each
peak of the closed-channel current level is centred at zero. The values corresponding
constitutes 69% of the area and has a standard deviation of 0.24 pA, for the −1.26 pA
and 0.30 pA, for the −3.04 current they are 1% and 0.24 pA, and for the −3.67 pA c
were: 0 pA current (47% and 0.21 pA), −0.17 pA current (43% and 0.25 pA) and −in Ca2+-free/chelator (Fig. 2E), and to 35 Hz in 1 mM Ca2+/
chelator. The frequency parameter could be affected by two
potentially independent processes: by a true increase of the
frequency of openings, and by a flickery block which can
divide a single true opening into two or more fragments
(spurious open intervals). In the measurements of therent trace displaying a continuous 5 min record with successive perfusions of the
de histograms with Gaussian fit curves (dotted lines) for the indicated fragments
bin was plotted against the current range for each bin. Bin width 0.078 pA. The
to the Gaussians fit curves are for 1 mM Ca2+: the closed-channel current (0 pA)
current the values are 15% and 0.61 pA, for the −1.90 pA current they are 13%
urrent they are 2% and 0.37 pA. For 1 mM Ca2+/BAPTA, the respective values
0.48 pA current (10% and 0.42 pA).
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low frequency values in Ca2+/chelator is explained by the
fact that in some channels episodes occur where extremely
brief closures posed a detection problem, since many of
them did not reach the threshold level. The open intervals
between the consecutive short closures were sufficiently long
not to be significantly influenced by the low-pass filtering
applied to the current, whereas the closing events had their
“amplitudes” reduced. For those episodes the 25% transition
detection threshold was not adequate. Even though brief
closures within the burst are apparent to the observer, they
were not detected by the computer algorithm).
3.2. Nominal removal of Ca from the test medium does not
change the activity of the quasi-blockage (QB) channels
The characteristic activity pattern of QB channels in Ca2+-
free solutions (Ca2+-free/EGTA and would be Ca2+-free/
BAPTA) determined by two factors: Ca2+-absence and chelator
presence. As the next step, we examined if simple exclusion of
nominal Ca from the test saline (i.e. with no chelator added)
could have an effect. It was assumed that in such nominally Ca-
deficient solutions, the level of contaminating Ca2+ (coming
from other chemicals etc.) would reach a micromolar level.
Therefore, this medium was referred to as low Ca2+ test
solution.
In Fig. 3A, an example of the QB channel activity when the
patch was successively exposed to 1 mM Ca2+, Ca2+-free/
BAPTA, and low Ca2+ is displayed. In the low Ca2+, the
activity pattern of QB channel was much the same as in 1 mM
Ca2+, and in Ca2+-free/BAPTA – as expected (see Figs. 1
and 2) – it was different (Fig. 3A). For both the low Ca2+ and
1 mM Ca2+, fluctuating channel current amplitude was typical.
The bar plots in Fig. 3B depict quantitative parameters for the
group of the QB channels (n=14), which were subjected to the
1 mM Ca2+ and low Ca2+ tests. No differences between low
Ca2+ and 1 mM Ca2+ were observed for any of the quantitative
parameters analysed (Fig. 3B). Thus, simple exclusion of
nominal Ca from the test saline (low Ca2+) did not principally
change the activity of QB Cl− channels as compared to control
1 mM Ca2+: in other words, the effects that can be attributed to
Ca2+ were present already at the low (contaminating) levels of
Ca2+. Thus, within the expected physiological range of Ca2+ in
these cells [36–38], i.e. in the low μM range, the Cl− channels
may apparently be controlled by Ca2+, leading from a state of
full openings at the lowest Ca2+ concentration to a state of
fluctuating lower amplitudes at higher concentrations.
An elevation of nominal Ca2+ concentration up to 10 mM did
not change the character of channel activity compared to low
Ca2+ and 1 mM Ca2+ (not shown).
3.3. Effects of Ca2+ and Ca2+ chelators on true-blockage (TB)
Cl− channels
As was pointed out above, in some patches the chelator-
containing test solutions (Ca2+-free/chelator and 1 mM Ca2+/
chelator) induced a clear inhibition of channel currents (5 patchestotally, about 10% of all the registered patches). This type of
channel was therefore defined as true-blockage (TB) Cl− channels.
The typical behaviour of TB Cl− channels in different test
solutions is illustrated by continuous 5 min recording in Fig. 4A.
During the perfusion of 1 mM Ca2+, at least two channels
revealed their activity in the given patch. The character of the
activity did not change during the perfusion of LowCa2+ solution
(Fig. 4A). However, the following perfusions of Ca2+-free/
BAPTA and then 1 mM Ca2+/BAPTA induced blockage of the
channel currents in a flickery-block manner—the conductance
flickers are seen as extra, asymmetric “noise” on the current
traces. This effect was reversible, as channel activity could be
recovered immediately when 1 mM Ca2+ was reapplied (bottom
trace in Fig. 4A). Similar to the case for quasi-blockage (QB) Cl−
channels, the TB Cl− channel currents were not changed in low
Ca2+ compared to 1 mM Ca2+ (see Figs. 3 and 4A).
The all-point amplitude histogram distribution for 1 mM
Ca2+ has 3 peaks (Fig. 4B, upper histograms). As was the case
with QB channels (see Fig. 1), the first peak that corresponded
to zero current level was described with one Gaussian function,
whereas the 2nd and 3rd peaks needed two Gaussians each for
the statistically best fitting. The 1.9 pA mean of third Gaussian
corresponds to the full-open state of one channel, and the
3.8 pA mean of fifth Gaussian corresponds to the full-open
state of two channels (the fractional contribution for the 4th
and 5th components together was only 3% and is therefore
nearly invisible on the histogram).
When channel currents were blocked by BAPTA (Fig. 4B,
lower histograms), the amplitude distribution histogram had
apparently just one peak but this peak was broader than the zero
current level in the 1 mM Ca2+ histogram and was shifted from
the zero current position. In contrast to regular zero-current
level peaks that always were practically ideally fitted with a
single Gaussian, such a single peak histograms can be poorly
fitted with a single Gaussian function. Due to the small
asymmetric conductance flickers observed (Fig. 4B) they
formally needed a 3rd order Gaussian function to be well-
fitted. We therefore propose a tentative interpretation, in which
the single peak consists of a zero-current level (the rightmost
Gaussian curve) plus the “flickering rudiments” of incompletely
blocked channel currents. Thus the reduced channel openings /
current flickers can be seen in the histogram (expanded
fragments of histograms in Fig. 4B right) as extra Gaussian
components. In this tentative interpretation, the relative area
under the zero-current Gaussian for the 1 mM Ca2+/BAPTAwas
reduced, compared to 1 mM Ca2+. This could be interpreted to
mean that the time the channel is in the closed state is reduced
under these conditions (Fig. 4B), i.e. formally, BAPTA may be
interpreted to activate the channel(s) (principally similar to what
happened in the QB channels). This tendency was valid for all
analysed TB patches—Po=0.39±0.06 at 1 mMCa2+ and 0.56±
0.13 at 1 mM Ca2+/chelator (n=5). For the Ca2+-free/chelator,
the increase of this parameter was statistically significant
(Po=0.70±0.06).
In comparison with the quasi-blockage channels, the F/N
ratio parameter of true-blockage channels under the control
1 mM Ca2+ conditions appeared to be significantly higher (59±
Fig. 5. Quasi-blockage (QB) and true-blockage (TB) channels. (A) an example of representative QB Cl− and TB Cl− channel reactions. (B) QB Cl− channels had an
average conductance of 31 pS (n=42, range 23–41 pS), whereas the mean conductance of TB Cl− channels was 52 pS (n=5, range 44–59 pS). The conductance was
calculated based on the current values that were measured from the amplitude histograms. (C) distribution of the Cl− channels by their conductance. Conductances
were calculated based on virtually linear current–voltage relations and a reserval potential of 0 mV (cf. data in (1)). Filled columns correspond to QB Cl− channels;
empty columns to TB Cl− channels. Histograms B and C include data from all channels analysed (42 QB channels; 5 TB channels).
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open time and frequency) were not different (0.36±0.05 versus
0.28±0.04; 21±5 versus 17±2 ms; 34±3 versus 28±3 Hz,
respectively).
3.4. Quasi-blockage Cl− channels versus true-blockage
Cl− channels
Strikingly, although we originally classified true-blockage and
quasi-blockage channels from functional criteria, it was clear that
the two channel types diverged markedly in their amplitudes: the
average value of TB Cl− channel currents in Fig. 4 was 2.2±
0.1 pA versus 1.3±0.1 pA of QB in Fig. 2.
The examples of QB Cl− and TB Cl− channels that are
shown in Fig. 5A clearly illustrate the above statement. At the
same membrane potential of −45 mV the amplitude of QB
channel currents (at least 3 channels were active in the patch)
was evidently lower than currents through TB Cl− channels
(also minimum 3 channels in the patch). The action of Ca2+-
free/chelator on QB Cl− channels can hardly be regarded as a
blockage, whereas the activity of TB Cl− channels was almost
completely inhibited in Ca2+-free/chelator. In Fig. 5B, the
average conductances of all investigated QB Cl− and TB Cl−
channels in 1 mM Ca2+ are shown. The conductances of quasi-
blockage Cl− channels were significantly lower than true-blockage Cl− channels (Fig. 5B), and the distributions of
conductances for these two groups were not overlapping
(Fig. 5C). It could be noted that within both sub-populations
of channels the conductivity of channels varied rather much:
from 21 to 41 pS in QB and from 44 to 58 pS in TB. High
variability of the conductances seems to be a common feature in
ORCCs, and an even larger scatter than what we see has been
reported for certain ORCCs [39,40].
In a principal sketch (Fig. 6) we idealise the behaviour of the
QB and TB channels in 4 different conditions. In Fig. 6A, we
depict our prediction of the behaviour of the QB channels in a
medium without calcium and without chelator; this condition is
not experimentally achievable. In the presence of Ca2+ (1 mM
Ca2+ or low Ca2+), their behaviour was characterized by
fluctuating amplitude (Fig. 6B). The presence of chelator as such
induced a shortening of openings with concurrent channel
overall activation and promotion of full-amplitude channel
openings (Fig. 6C). This response could be regarded as a
flickery-blockage, had it not been that the overall channel
activity frequently clearly increased; that is why we termed it
quasi-blockage. Similar opposite changes of Po and the
openings duration have been reported for the effect of
extracellular ATP in Cl− channels from airway epithelial cells,
referred to as an activation by Stutts et al. [29], but as a flickery
block by Valverde et al. [41]. The combined presence of chelator
Fig. 6. Schematic representation of the quasi-blockage and true-blockage
effects. “0”—depicts the hypothetical situation of an absolutely Ca2+-free
solution without any chelator present. For further discussion, see text.
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of the openings, increased channel activation and fluctuating
amplitudes (Fig. 6D).
In Fig. 6E, we predict the TB channels behaviour in the
absence of Ca2+ and chelator. In the presence of Ca2+, the TB
channels looked kinetically similar to the QB channels (Fig. 6F).
The principal difference between QB and TB was the response
of the TB channels to a chelator: channel activity was apparently
fully blocked—only an extra “noise” representing flickering
deflections from the base line was detected (Fig. 6G) and the
presence of both Ca2+ and chelator did not change this (Fig. 6H).
However, in this case the effects of the chelator also seemed to be
dual: despite the apparent inhibition, the channel could be
considered to have become more activated (Fig. 4B, lower
histograms). Detailed kinetic analysis based on Gaussian fittings
(Fig. 5C, lower histograms) supported this interpretation. Thus,
as was the case with the QB channels, chelators were able in
themselves to influence TB Cl− channel activity, in addition to
their Ca2+-chelating function, and their effect had a complex
(dual) character.
3.5. Effects of the blocking agents DIDS and SITS on
Cl− channels
We performed a pilot series of experiments with the widely
used Cl− channel blockers, the polyanionic stilbene disulfo-
nates DIDS and SITS. We present these preliminary observa-
tions here, because the effects of these blockers were
remarkably similar to the effects of the Ca2+ chelators
EGTA/BAPTA described above. Particularly, DIDS and SITSaffected the TB and QB types of brown adipocyte Cl− channels
differently, and these effects were comparable to those of the
chelators.
An example of a quasi-blockage Cl− channel that was tested
with both DIDS and SITS when applied from the cytoplasmic
side is presented in Fig. 7A–F. Under control conditions (1 mM
Ca2+ K-Ringer), the exposed channel revealed the usual
properties of a normal QB Cl− channel characterized by
irregular openings with fluctuating amplitude (Fig. 7AB). DIDS
and SITS solutions clearly induced channel current flickering
but this effect was not characterized by significant reduction of
channel amplitude and overall activity, even at 1 mM
concentrations of DIDS and SITS (Fig. 7C–F). Differences
between DIDS and SITS seen here were not consistently
observed in other patches.
In Fig. 7G, results of the preliminary quantitative analysis of
the channel current parameters are shown for the group of QB
channels (n=9) that were tested for DIDS/SITS sensitivity.
Since the effects of DIDS and SITS, within the different
concentration ranges tested, were similar, the results have been
pooled. DIDS and SITS did not significantly decrease the
channel current amplitude. Noteworthy, SIDS/DIDS did not
lead to the increase in the F/N ratio that we ascribe to the true
chelation of Ca2+ caused by the Ca2+ chelators (compare
Fig. 7D and Fig. 2B); rather they caused a significant decrease
in the F/N ratio parameter which probably could reflect channel
flickering in some way.
Both substances significantly shortened the duration of the
channel openings and increased the frequency of events. Thus,
the DIDS/SITS effect (Fig. 7G) appeared to be similar to the
quasi-blockage effect of EGTA/BAPTA (Fig. 2, 1 mM Ca2+
versus Ca2+-free/chelator): the channel flickering did not result
in real channel current blockage which would have been
revealed as a decrease of Po and/or current amplitude. The
sensitivity to DIDS/SITS was seemingly higher compared to
EGTA/BAPTA, and for the preliminary compilation in Fig. 7G
a wider concentration range of DIDS/SITS has therefore been
included.
The activity of TB Cl− channels could be fully blocked by
DIDS and SITS (Fig. 8), i.e. the same effect as EGTA/BAPTA
had on these channels (Fig. 4). Thus, a difference exists between
quasi-blockage (Fig. 7A–F) and true-blockage (Fig. 8) channels
also concerning the effects of SIDS/DIDS. Qualitatively, the
effects of SIDS and DIDS are also similar to those of the Ca2+
chelators EGTA and BAPTA—with the exception that the only
effect we ascribe to Ca2+ removal, i.e. the promotion of the fully
open state, is not seen with SIDS/DIDS.
4. General conclusions
In this investigation we have demonstrated that the widely
used Ca2+ chelators EGTA and BAPTA in themselves produce
effects on the Cl− channels in inside-out patches independently
of the Ca2+ chelating effects, and we have identified two sub-
groups of Cl− channels which were different in their reaction to
the chelator and in their conductance. This observation of
chelation-independent effects of Ca2+ chelators may have
Fig. 7. Effects of DIDS and SITS on QB Cl− channel activity. (A, C, E) channel currents during exposure to the indicated test solutions. Control is 1 mM Ca2+
K-Ringer; DIDS and SITS were prepared as 1 mM solutions in 1 mM Ca2+ K-Ringer. (B, D, F) all-point amplitude histograms for the aligned upper fragments. The
values corresponding to the Gaussians fit curves are for panel B: the closed-channel current (0 pA) constitutes 79% of the area and has a standard deviation of 0.19 pA,
for the −0.43 pA current the values are 7% and 0.36 pA, and for the −1.25 pA they are 14% and 0.30 pA. In panel D, the respective values were: 0 pA current (73% and
0.18 pA), −0.53 pA current (18% and 0.32 pA) and −0.90 pA current (9% and 0.22 pA). In panel F, the values were: 0 pA current (85% and 0.19 pA), −0.27 pA current
(8% and 0.30 pA) and −1.24 pA current (7% and 0.28 pA). (G) bar plots depicting the overall parameters of the channel currents (SITS, n=6 (0.1, 0.1, 0.2, 0.2, 0.5,
1.0 mM); DIDS, n=4 (20, 20, 40 μM, 1 mM).
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characteristics of other Cl− channels where Ca2+ chelators have
been used in the experiments. (Note that the commonly used pH
buffers HEPES and MOPS were also shown to block certain
ORCCs [42,43].)
In other cell systems with Cl− channels similar to those
studied here, either no Ca2+ effects [20,23,26,29,31] or an
activating effect of Ca2+ [25,28,32,44–46] have been reported.
Concerning the brown adipocyte Cl− channels, a simple
conclusion on the effects of Ca2+ was difficult to reach, since
we could not observe the consequences of Ca2+ omissionwithout the overlapping effects of the chelator (similar
difficulties may have been encountered but not realized or
discussed by other investigators in the other systems). However,
in the QB Cl− channels, elimination of free Ca2+ by means of a
chelator (Ca2+-free/chelator) caused a significant increase of
the F/N ratio parameter, whereas this did not happen in 1 mM
Ca2+/chelator (sketched in Fig. 6C versus Fig. 6D). This
suggests that Ca2+ is responsible for the fluctuating amplitude.
As the F/N ratio was the same in Low Ca2+ (when Ca was only
nominally removed) as in 1 mM Ca2+, it is likely that already at
low micro-molar levels of Ca2+ (i.e. within the physiological
Fig. 8. Effects of DIDS, SITS and BAPTA on true-blockage (TB) Cl− channel
currents. Selected fragments of TB Cl− channel activity when 1 mM Ca2+
perfusion was interrupted by perfusions of the indicated test solutions. BAPTA
concentration was 2 mM; SITS and DIDS concentration 1 mM.
2724 V. Sabanov, J. Nedergaard / Biochimica et Biophysica Acta 1768 (2007) 2714–2725range of cytosolic concentrations in activated cells [36–38], the
Ca2+ dose–effect curve was saturated. Whether the basal level
of cytosolic Ca2+ is sufficiently low to allow for full amplitude
Cl− channel activity in-situ is unknown, but our data indicate a
moderate inhibitory effect of "cytosolic" Ca2+ on the brown
adipocyte Cl− channels when it is studied in the inside-out
configuration. Whether or not this moderate inhibitory effect of
Ca2+ can have physiological consequences is not clear, but
qualitatively, the Ca2+ effects are the opposite of those expected
for the norepinephrine-induced whole-cell currents reported
[22].
In the quasi-blockage Cl− channels we observed a flickery
block combined with an activation caused by chelators applied
from the cytosolic side; thus the total channel activity was not
decreased. This may be contrasted with observations in whole-
cell studies, where a Ca-independent inhibition of the volume-
regulated anion channels (VRACs) by extracellularly applied
Ca2+ chelating agents (BAPTA, EDTA and HEDTA) has been
observed [47]. This observation is thus clearly different from
that implied from the behaviour of the majority of the Cl−
channels studied here (i.e. the quasi-blockage channels), but
there are similarities between our observations of the behaviour
of the true-blockage channels and the observations from the
whole-cell studies. Still, the sites of interaction between chelator
and channel (cytosolic versus extracellular) are different in our
studies and those by Lemonnier et al. [47].
Concerning the Ca2+-independent effects of the chelators, the
possibility exists that the Ca2+ chelators may chelate other ionsthan Ca2+, leading to the phenomena observed here. However,
the ability of SITS and DIDS (that are not considered chelating
agents) to mimic these effects of the Ca2+ chelators makes this
explanation unlikely. Indeed, the clear similarities between the
effects of EGTA/BAPTA and SITS/DIDS on both types of Cl−
channels may indicate a common mechanism of action of these
compounds. Both types of substances carry dense negative
charges which may be related to their common effects.
However, the addition of Ca2+ should shield the negative
charges in the case of the chelators so that the density of
negative charges should be diminished—but this does not seem
to have any substantial consequences for their effects. It would
therefore seem premature to propose specific chemical mechan-
isms for the effects of these substances on the Cl− channels.
It is evident that the observations reported here should be
important in the design of new experiments concerning the
regulation of Cl− channels, particularly if regulation by Ca2+ is
examined. The possibility also exists that some reports on the
kinetics and behaviour of Cl− channels in different systems
have in reality reported the behaviour of Cl− channels in an
experimental system (i.e. in presence of chelators) that has
induced behaviours different from those occurring under natural
conditions.
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